ABSTRACT Arthropod and nematode population densities in ÔTifwayÕ bermudagrass were studied in Þeld plots to determine the impact of long-term treatments with an organophosphate insecticide (chlorpyrifos), entomopathogenic nematodes [Heterorhabditis bacteriophora Poinar (Heterorhabditidae), Steinernema carpocapsae (Weiser), S. riobravis (Cabanilas, Poinar & Raulston) (Steinernematidae)], and an entomopathogenic fungus [Beauveria bassiana (Balsamo) Vuillemin (Deuteromycotina: Hypomycetes)] applied alone and in combinations. Fifty-Þve arthropod families or suborders were recorded during a 2-yr period. Staphylinidae, Sminthuridae, Isotomidae, and Oribatida were the four most abundant species groups, accounting for 97.0% of the arthropods collected. Three orders of nematodes and a miscellaneous nematode category also were encountered. Tylenchida was the most abundant nematode species group, accounting for 77.2% of the nematodes collected. Populations of Lycosidae and Staphylinidae were not signiÞcantly different from the control in any treatment. However, chlorpyrifos reduced Lycosidae counts in comparison to H. bacteriophora, S. carpocapsae, and H. bacteriophora ϩ B. bassiana. Chlorpyrifos also lowered Staphylinidae counts in comparison to B. bassiana, S. carpocapsae, and S. riobravis. Miscellaneous Araneae, Formicidae, and Scelionidae were less abundant in the chlorpyrifos treated plots than they were in any others. By contrast, Sminthuridae densities were highest in the chlorpyrifos plots and were unaffected by any other treatment. In general, chlorpyrifos diminished the abundances of each of the following categories of arthropods compared with all other treatments: plant-inhabiting predators ϩ parasitoids, soil herbivores, thatch detritivores, and soil predators. By comparison, soil detritivores were as common in the chlorpyrifos treatment as they were in the B. bassiana, S. carpocapsae, H. bacteriophora ϩ B. bassiana, and S. riobravis ϩ B. bassiana treatments and were more abundant there than in the H. bacteriophora, S. riobravis, S carpocapsae ϩ B. bassiana, and untreated control treatments. In general, fungus ϩ nematode treatments showed no evidence of synergism and chlorpyrifos had a stronger negative impact on nontarget arthropod densities than did the microbial treatments.
TURFGRASS IS AN excellent model system for studying the broad impact of entomopathogens in cultivated ecosystems. Turfgrass is ubiquitous, temporally stable (because of its perennial nature), supports a broad range of macro-and microscopic organisms (CockÞeld and Potter 1985; Vavrek and Niemczyk 1990; Pendley 1993a, 1993b) , and continuously evidences an easily measured zone of decomposition (thatch). In addition, the potential environmental beneÞts of such research in turfgrass are especially high, due to the frequent contact of unprotected children, adults, and urban animals with the crop, coupled with the rapidity with which urban runoff is transferred into the natural water system.
Historically, turfgrass pests have been managed primarily using chemical pesticides. Several studies have measured the impact of such management practices on nontarget organisms (CockÞeld and Potter 1983 , Vavrek and Niemczyk 1990 , Braman and Pendley 1993 .
Nematodes in the genera Steinernema (Rhabditida: Steinernematidae) and Heterorhabditis (Rhabditida: Heterorhabditidae) and the fungus Beauveria bassiana (Balsamo) Vuillemin (Deuteromycotina: Hyphomycetes) have been studied widely for the control of target species. Advantages of these entomopathogenic nematodes for pest management as include mammalian safety, broad host range, speed of kill, suitability for economical mass production, and mobility (Gaugler 1988) . Similar advantages apply to the use of B. bassiana.
Although a proposed beneÞt of using biological agents is their low environmental impact, little is known of the comparative impact of applications of chemical insecticides, entomopathogenic nematodes, and fungi on nontarget arthropod and nematode communities. Ishibashi and Kondo (1986) found that, in the laboratory, the populations of native nematodes in nonsterlized soil decreased, with the exception of an increase in the numbers of rhabditids. Georgis et al. (1991) summarized several tests that evaluated entomopathogenic nematodes versus chemical insecticides in turfgrass and other crops and found no adverse effects to nontarget organisms over the shortterm.
The objective of the current research was to compare the long-term impact on population levels of nontarget arthropods and nematodes inhabiting turfgrass of repeated treatments either with an organophosphate insecticide (chlorpyrifos) or with combinations of four entomopathogens: Heterorhabditis bacteriophora Poinar (Heterorhabditidae), Steinernema. carpocapsae (Weiser), S. riobravis (Cabanilas, Poinar & Raulston) (Steinernematidae), or Beauveria bassiana (Balsamo) Vuillemin (Deuteromycotina: Hypomycetes).
Materials and Methods
Treatments. The experiment involved nine treatments: (1) B. bassiana, (2) H. bacteriophora, (3) S. carpocapsae, (4) S. riobravis, (5) H. bacteriophora ϩ B. bassiana, (6) S. carpocapsae ϩ B. bassiana, (7) S. riobravis ϩ B. bassiana, (8) chlorpyrifos, and (9) an untreated control. Viability of B. bassiana (marketed as Naturalis-T (Troy Biosciences, Phoenix, AZ), contained 2.3 ϫ 10 7 conidia/ml of product) was conÞrmed by inoculation onto Sabouraud dextrose agar in petri dishes; spore count was measured by microscope, using a counting slide. Viability of Heterorhabditis bacteriophora (M&R Durango, Ignacio, CO), S. carpocapsae ÔAllÕ, and S. riobravis (Biosys isolates #24 and #355, respectively; Biosys, Columbia, MD) was determined on each treatment date by microscopic conÞrmation of their mobility. The chlorpyrifos was a 5.3% (AI) EC formulation, marketed as Dursban Lawn Insect Spray (Chevron Chemical, Sam Ramon, CA). Nematodes were applied at 5 ϫ 10 9 infective juvenile (IJ) (third instars) per hectare. Nematodes (5 million IJ/liter of water) were sprayed under gravity-ßow from a sprinkler can with a perforated tip. All fungal treatments were applied at 3.4 ϫ 10 10 conidia per hectare. Chlorpyrifos was applied at a rate of 4.46 kg chlorpyrifos (AI) per hectare. To promote nematode establishment, the Þeld plots were irrigated for 30 min. (Ϸ1.25 cm depth) before each treatment being applied. After application of all treatments, the Þeld plots were irrigated for 30 min to promote penetration of the treatments through the turfgrass and to reduce UV (UV) light-induced nematode and fungus mortality. In a further effort to reduce detrimental effects of UV light on biological agents, no treatments were applied before 1500 hours. Treatments were reapplied every 4 wk from 7 July until 29 September 1995, and from12 July to 4 October 1996.
Field Plots and Population Sampling. The research was conducted at the Texas A&M Research and Extension Center in Dallas, TX. The experiment consisted of a replicated split-block design with nine treatments in each of Þve blocks. ÔTifwayÕ Bermuda grass (Cynodon dactylon (L.) Persoon ϫ Cynodon transvaalensis Burtt-Davy) had been established in the plot area since 1984. Each plot was 6 by 6 m, with no space between plots. All Þeld plots were irrigated to 0.8 cm depth every 48 h. If rainfall occurred during the 48 h before a treatment, an amount equal to the amount of rain was subtracted from the next irrigation.
Arthropod populations were sampled using pitfall traps (7.5 cm diameter by 10 cm deep) every 2 wk, from 5 July until 25 October 1995 and from 12 July until 6 November 1996. Traps were a plastic funnel (12 cm top diameter, 4 cm bottom diameter, 8 cm high) connected to a 0.48-liter jar Þlled to a depth of 3.8 cm with a mixture of water and ethylene glycol-based antifreeze (50:50%, vol:vol). Traps were placed in the plot center, in a hole (8 cm diameter by 10 cm deep). The mouth of the trapÕs funnel was ßush with the soil surface. Traps were removed after 2 d and returned to the laboratory for the processing of samples.
Trap samples were identiÞed as follows. Among spiders, only the Lycosidae and Thomisidae were identiÞed to family level; all other spiders were classiÞed to suborder. The majority of spiders from other families were newly hatched and not easily identiÞed. Insects were identiÞed to family level by age class and mites were identiÞed to suborder. Centipedes, millipedes, and Malacostraca were identiÞed to order. Dorylaimida, Rhabditida, and Tylenchida were identiÞed to order; all other nematodes were combined into a miscellaneous category.
Soil nematodes were sampled every 4 wk, beginning 1 d before the Þrst application of the treatments for each year. Each nematode sample consisted of two soil cores (2.2 cm diameter by 13.2 cm deep) taken from the center of each plot. Soil core samples were mixed with water, and then nematodes were isolated from the soil by the centrifugal ßotation technique (Jenkins 1964) and collected in 3Ð5 ml water. A sample (1 ml) of the nematodes in water suspension was placed on a counting slide so that all of the nematodes could be identiÞed and counted under the microscope. The total number of each type of nematode in the sample was calculated by multiplying the number in a 1-ml aliquot by the total number of milliliters in the sample.
Statistical Analysis. Abundance estimates were log e transformed before data analysis to ensure homogeneity of variance. A separate analysis of variance (ANOVA) was conducted for each arthropod family or suborder, herein referred to as a species group, which represented at least 0.3% of the cumulative seasonal arthropod density totaled across species groups. The factors in each analysis were block, treatment, year, and sample date. The data were analyzed as a split-split plot design, with year within each treatment and sample data within each year. A second
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ANOVA was conducted with the arthropod data collapsed into Þve guilds (plant-inhabiting predators ϩ parasitoids, thatch detritivores, soil predators, soil herbivores, soil detritivores). The factors in this analysis were treatments, guild, block, year, and sample date. A separate ANOVA was conducted for each nematode order. The factors were treatment, year, and sample date.
Means within each signiÞcant main effect and interaction were compared (P ϭ 0.05) using the honestly signiÞcant difference (HSD) procedure (Lentner and Bishop 1986). Linear contrasts were used to test speciÞc hypotheses.
Results
For 1995, 161,413 arthropods from 49 families or suborders were sampled; 424,368 arthropods from 49 such groups were sampled in 1996 (Table 1) . Geophilomorpha, Labiduridae, Nabidae, Rhopalidae, Colletidae, and Phlaeothripidae were recorded only in 1995. Agromyzidae, Bibionidae, Chironomidae, Culicidae, Scatophagidae, and Isopoda were recorded only in 1996. These 12 species groups accounted for only 0.06% of the total sample. Over the 2-yr period, a total of 55 arthropod species groups was recorded. In 1995, 19,327 nematodes were recorded, totaled across four sample dates. In 1996, 260,842 nematodes were recorded, totaled across six sample dates.
Population Dynamics. Twenty species groups accounted for 97.6% of the total arthropod population density. The Oribatida, Isotomidae, Staphylinidae, and Sminthuridae accounted for 97.0% of the total arthropod density. Isotomidae was the most abundant species group in each treatment ( Fig. 1) , accounting for 87.2% of the total abundance averaged across years and treatments. During 1995, these four species groups were most abundant in late July and early August. During 1996, the Isotomidae were most abundant in mid-June, followed by the Oribatida in early-July, and the Sminthuridae and Staphylinidae in early August. The soil detritivores were the most abundant guild each year, followed by the thatch detritivores (Table  1) . The most abundant nematodes were the Tylenchida. During both years, the Dorylaimida, Rhabditida, and Tylenchida were most abundant in earlyJuly.
Analyses of Variance of the Arthropod Species Groups. The treatments had a signiÞcant impact on the abundance of seven species groups (Table 2) , Þve of which [Lycosidae, miscellaneous Araneae, Staphylinidae, Formicidae (almost exclusively red imported Þre ant, Solenopsis invicta Buren), and Scelionidae] primarily are predators or parasitoids (Whitcomb et al. 1972 , Foelix 1982 , Sivasubramaniam et al. 1997 . Of the nine species groups that were not signiÞcantly affected by the treatments, six (Carabidae, Scydmaenidae, Phoridae, Miridae, Cicadellidae, and Gryllidae) are relatively more mobile than most of the other arthropod groups.
Chlorpyrifos decreased the abundance of the Lycosidae, miscellaneous Araneae, Staphylinidae, Formicidae, and Scelionidae compared with one or more biological treatments and with the untreated control ( Table 3 ). The abundance of Scelionidae, Formicidae, and miscellaneous Araneae in the chlorpyrifos treatment was signiÞcantly lower than in the biological treatments, whereas Sminthuridae were signiÞcantly more abundant in the chlorpyrifos treatment. The abundance of Oribatida in the chlorpyrifos treatment was not signiÞcantly different from the B. bassiana treatment, the H. bacteriophora treatment, each of the nematode ϩ B. bassiana treatments, and the untreated control. Similar results were obtained for the Staphylinidae, except that the chlorpyrifos and B. bassiana treatments were not signiÞcantly different. The abundance of Oribatida and Staphylinidae in the chlorpyrifos treatment was signiÞcantly less than in either the S. carpocapsae or the S. riobravis treatment, while the greatest abundance of Sminthuridae occurred in the chlorpyrifos treatment. The abundance of Lycosidae in the chlorpyrifos treatment was significantly less than in two of the nematode treatments and in two of the B. bassiana ϩ nematode treatments. None of the fungal or nematode treatments differed signiÞcantly from each other for the Lycosidae, miscellaneous Araneae, Oribatida, Staphylinidae, Sminthuridae, Formicidae, and Scelionidae.
Scelionids were signiÞcantly more abundant in the B. bassiana treatment than in the mean of the nematode treatments or in the mean of the nematode ϩ B. bassiana treatments (Table 3) . Oribatida were significantly more abundant in the nematode treatments than in the mean of the nematode ϩ B. bassiana treatments. When used together, B. bassiana and the nematodes reduced Oribatida to a greater degree than was achieved individually by nematodes alone. The Lycosidae, miscellaneous Araneae, Oribatida, Staphylinidae, Formicidae, and Scelionidae were signiÞcantly less abundant and the Sminthuridae were signiÞcantly more abundant in the chlorpyrifos treatment than in the mean of the nematode treatments or in the mean of the nematode ϩ B. bassiana treatments. Staphylinidae and Oribatida were signiÞcantly less abundant in the untreated control compared with the mean of the nematode treatments. Oribatida were signiÞcantly less abundant in the untreated control than the mean of the nematode ϩ B. bassiana treatments and the mean of all biological treatments.
Analyses of Variance of Guilds. Treatment had a signiÞcant effect on the abundance of all guilds, except the plant herbivores (Table 4) . Chlorpyrifos signiÞ-cantly decreased the abundance of all guilds except soil detritivores when compared with the majority of biological treatments and the untreated control (Tables 4 and 5). The abundance of the soil predators in the chlorpyrifos treatment was signiÞcantly different only from their abundance in the treatments containing H. bacteriophora or S. riobravis. The abundance of the soil detritivores in the chlorpyrifos treatment was signiÞcantly greater than in the H. bacteriophora, S. riobravis, and S. carpocapsae ϩ B. bassiana treatments, and the untreated control. The abundance of the thatch detritivores in the chlorpyrifos treatment was signiÞcantly less than in all the biological treatments except the S. carpocapsae ϩ B. bassiana treatment. The abundances of the plant predators ϩ parasitoids were less in the chlorpyrifos treatment compared with the untreated control.
The thatch detritivores and soil predators were signiÞcantly more abundant in the nematode treatments compared with the mean of the nematode ϩ B. bassiana treatments (Tables 4 and 5 ). This suggests that when used together, B. bassiana and the nematode treatments reduced these categories to a greater degree than was achieved by each control individually. The abundance of the plant predators ϩ parasitoids, thatch detritivores, and soil herbivores were signiÞ-cantly reduced in the chlorpyrifos treatment when compared with the mean of the nematode treatments, the nematode ϩ B. bassiana treatments, and the mean of all biological treatments, whereas the abundance of the soil detritivores was signiÞcantly higher. The thatch detritivores and soil predators were signiÞ-cantly less abundant in the untreated control compared with the mean of the nematode treatments. This may be because the nematode treatments increased the abundance of the Oribatida (thatch detritivores) and the Staphylinidae (soil-inhabiting predators).
Analyses of Variance of the Nematodes Species Groups. The treatment effect was signiÞcant for the Dorylaimida and the miscellaneous nematodes. The Dorylaimida were signiÞcantly more abundant in the B. bassiana treatment than in the untreated control, the chlorpyrifos treatment, or the S. riobravis ϩ B. bassiana treatment (Table 4) . However, the abundance of the Dorylaimida was not signiÞcantly different when comparing the chlorpyrifos treatment with the other treatments. The miscellaneous nematodes were signiÞcantly more abundant in the H. bacteriophora ϩ B. bassiana treatment compared with the chlorpyrifos and untreated control treatments.
Linear contrasts indicated that Dorylaimida were signiÞcantly more abundant in the B. bassiana treatment compared with the mean of the nematode treatments and the mean of the nematode ϩ B. bassiana treatments, signiÞcantly less abundant in the chlorpyrifos treatment than the mean of the nematode treatments and the nematode ϩ B. bassiana treatments, and signiÞcantly less abundant in the untreated control than in the nematode treatments, nematode ϩ B. bassiana treatments, and the biological treatments (Table 5) . Miscellaneous nematodes were signiÞ-cantly more abundant in the B. bassiana treatment than in the nematode ϩ B. bassiana treatments, signiÞcantly less abundant in the nematode treatments than the nematode ϩ B. bassiana treatments, signiÞ-cantly less abundant in both the chlorpyrifos treatment and the untreated control compared with the nematode ϩ B. bassiana treatments, and signiÞcantly less abundant in the untreated control treatment than in the biological treatments.
Discussion
Most of the same arthropod and nematode species groups were encountered in samples both years, but their abundances varied greatly. Comparison of the densities of the arthropod species groups for each year against each other, reveals that the greater abundance of specimens in 1996 was largely due to the Isotomidae (386,525 recorded in 1996 versus. 124,136 in 1995) . This difference may be because species of isopods, based on their preferred habitat type, are differentially susceptible to drying due to environmental temperature and moisture (Harrisson et al. 1990 ). In the current study, 3.6 times as much rainfall (52.17 cm) fell in March, April, and May 1995 than was received during the same period (14.60 cm) in 1996. In contrast, the maximum and minimum temperatures during this period were not greatly different for the 2 yr. The higher rainfall in 1995 may have made a major contribution to the lower isotomid abundance that year. The abundance of the nematode species groups also was much higher in 1996 than in 1995. This was attributed to higher abundance of Tylenchida (189,450) in 1996 Tylenchida (189,450) in than in 1995 , an apparent result of the greater amount of rainfall in 1996 than in 1995 during the sampling period. Our research showed a signiÞcant effect by chlorpyrifos on all of the insect guilds measured, as well as on the miscellaneous nematodes. Carabids, lycocids, Dorylaimida nematodes and Oribatida mites were not signiÞcantly affected by chlorpyrifos. Braman and Pendley (1993) noted increases in populations of oribatid Acari after chlorpyrifos applications. CockÞeld and Potter (1983) found that chlorpyrifos and isofenphos reduced some predaceous taxa in Kentucky bluegrass, Poa pratensis L., turfgrass for up to 6 wk. Braman and Pendley (1993) measured the impact on nontarget organisms in centipedegrass turf, Eremochloa ophiuroides (Munro) Hack., of herbicide (pendimethalin, atrazine, and sethoxydin), insecticide (chlorpyrifos), and fertilizer (nitrogen). The chlorpyrifos, applied to control the twolined spittlebug, Prosapia bicincta (Say) (Homoptera: Cercopidae), temporarily depressed populations of nonsminthurid collembolans, ants, spiders, and parasitic Hymenoptera. Increases in populations of oribatid Acari and certain insects after pesticide and fertilizer applications were thought to stem from increases in organic matter, or from decreases in predator numbers. Curtis and Horne (1995) found that chlorpyrifos signiÞcantly reduced the abundance of carabids, but not the number of lycosids and several other spiders in a bean crop. CockÞeld and Potter (1983) reported that chlorpyrifos and isofenphos impacted predators in turfgrass more than they did other groups of arthropods.
In the current research, although chlorpyrifos did not have a signiÞcant effect on the Isotomidae, the dominant family of Collembola recorded, it signiÞ-cantly increased the abundance of the Sminthuridae. We speculate that this increase may have been due to the chlorpyrifos having signiÞcantly reduced the abundance of one or more predators of sminthurids. Hoy and Shea (1981) tested the effects of lindane, chlorpyrifos, and carbaryl on a California pine forest soil arthropod community, and found that Collembola and oribatid mites were greatly reduced by the application of lindane but not by carbaryl or chlorpyrifos. They concluded that a predatorÐprey relationship in their system was especially sensitive to lindane. * , Treatments within a column that are followed by different letters were signiÞcantly different at the 5% level. In our experiment, the chlorpyrifos treatment signiÞcantly reduced the plant predators ϩ parasitoids in comparison with all other treatments. However, the chlorpyrifos treatment did not have a signiÞcant impact on soil predators compared with at least one nematode treatment and one of the nematode ϩ B. bassiana treatments. This may have been due to the plant predators ϩ parasitoids directly contacting the chlorpyrifos spray and thus having been reduced to a greater degree than were the soil-inhabiting predators. The chlorpyrifos treatment did not have a signiÞcant impact on the abundance of the other soil predators compared with most of the biological treatments. Although Dorylaimida were most abundant in the B. bassiana treatment, chlorpyrifos did not significantly affect the soil-inhabiting nematodes compared with most of the biological control treatments.
Even though there is little published on the subject, fungal pathogens are known to kill Oribatida (Chandler et al. 2000) . Our treatment involving B. bassiana with nematodes reduced the abundance of the Oribatida to a greater degree than did either pathogen alone. Further experiments should be conducted to investigate the speciÞc mechanisms for this effect.
In general, this study has demonstrated that the long-term impact of these microbial agents on nontarget arthropods is much less severe than is that of a traditional insecticide, chlorpyrifos, and that the degree of impact varies considerably among nontarget arthropods. In some cases, the combination of pests in a crop may require both fungal and nematodal entomopathogens; this work does not indicate that the combinations of entomopathogens are broadly more damaging on nontarget arthropods than is either type of agent used alone. Even so, the abundance of some groups (such as oribatids) may lowered.
